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Carrier lifetime in nearly threading-dislocation-free ZnO homoepitaxial films was controlled by
doping 3d transition-metals (TMs), Ni and Mn. The photoluminescence lifetime of the near-band-
edge emission (sPL) was decreased linearly by increasing TM concentration, indicating that such
TMs are predominant nonradiative recombination centers (NRCs). From this relationship, exciton
capture-cross-section (rex) of 2.4 1015 cm2 is obtained. Because rex of native-NRCs (Zn-va-
cancy complexes) is likely larger than this value, the linear dependence of the internal quantum ef-
ficiency on sPL observed in our TM-doped ZnO and unintentionally doped ZnO in literatures
indicates that the concentrations of native-NRCs in the latter are “lower than” 1016–1017 cm3.
VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939838]
Wide bandgap (Eg) wurtzite ZnO and related MgxZn1xO
alloys1 are an excellent candidate for the use in visible2,3 and
ultraviolet (UV)4 light-emitting diodes (LEDs), because of
attractive material properties of ZnO such as large Eg of
3.36 eV at 300K (Ref. 5) and large exciton binding energy of
59meV.6 Although white LEDs7 composed of an InGaN
quantum well LED8 and yellow-light-emitting phosphors
have been distributed world-wide,9 there still remain signifi-
cant problems such as low color-rendering-index due to their
complimentary white color and sleep disturbance due to
strong blue lights. For solving these problems, fabrication of
true white LEDs composed of a near UV LED and red, green,
and blue light-emitting phosphors at low cost is an ultimate
solution. To comply with this demand, ZnO-based LEDs are
attractive because the low threading-dislocation (TD) density,
large-size, and highly pure ZnO homoepitaxial substrates
can be grown at low cost using the hydrothermal (HT) tech-
nique.10 In addition, ZnO and MgxZn1xO/ZnO heterostruc-
ture are possible candidates for realizing radiation-resistant
thin-film-transistors11 and heterostructure field-effect-transis-
tors,12 as quantum Hall effects have been demonstrated at the
MgxZn1xO/ZnO heterointerface at low temperature.
13
For designing advanced optical and electronic devices
using ZnO, in-depth probing and control of the free-carrier
lifetime (scarrier) in the constituent layers are essential.
Especially, controlling the minority carrier lifetime (sminority)
is indispensable, because it reflects the recombination life-
time and determines the diffusion length, and eventually
determines the device performances. In the case of direct
bandgap semiconductors such as ZnO, sminority can be simply
measured by using time-resolved photoluminescence
(TRPL) measurement under low-excitation conditions. The
photoluminescence (PL) lifetime (sPL) of the near-band-edge
(NBE) emission is equal to sminority and is expressed as
s1PL ¼ s1R þ s1NR; (1)
where sR and sNR are radiative and nonradiative recombina-
tion lifetimes, respectively. Here, sR is inverse of the radia-
tive recombination rate (RR) and reflects the intrinsic
radiative performance of the material. Thus, sR is a unique
value to the material without quantum confinements. On the
other hand, sNR is inverse of the nonradiative recombination
rate (RNR) and thus inversely proportional to the concentra-
tion of nonradiative recombination centers (NRCs), [NRC].
These parameters are quite important, since they determine
the internal quantum efficiency (gint) of the NBE emission
under the relation
gint ¼ RR=ðRR þ RNRÞ ¼ ð1þ sR=sNRÞ1: (2)
Accordingly, long sNR is preferred for optical devices such
as LEDs, laser diodes, and solar cells. Long sNR is also
required for low on-resistance and high-voltage-resistant
power devices, because Shockley-Read-Hall (SRH)-type
midgap NRCs are the cause of recombination and generation
currents and eventually lower the breakdown voltage.
Hence, [NRC] should be minimized in these devices.
Excessively long scarrier, on the other hand, will result in con-
siderably long recovery time, leading to limited switching
frequency and considerable switching loss.
As the first step to control sminority, one must know
the exact origin of the lifetime killer to use. Because the
doping of midgap radiative recombination centers causes
unnecessary photon population, doping NRCs is typically
used. In the case of single crystalline epilayers of ZnO, the
authors have first clarified that point-defect complexes
incorporated with Zn-vacancies (VZn) such as VZnX, where
X is unidentified yet but likely O-vacancies (VO), are the
a)Author to whom correspondence should be addressed. Electronic mail:
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predominant “native-” SRH-type NRCs, from the results of
room-temperature TRPL and positron annihilation spectros-
copy (PAS) measurements.14,15 This assignment is comple-
mentary, as the origin of NRCs in GaN, which has
comparably small lattice parameters and large Eg, has been
attributed to point-defect complexes containing Ga-vacan-
cies,16 by using the same methods. Although sNR of the ZnO
epilayers has been found to depend on the growth tempera-
ture (Tg), cooling rate (Rc), and oxygen partial pressure
during the cooling (PO2),
14,15 it cannot be controlled inde-
pendently of those conditions. Then, controlled doping of
SRH-type NRCs allows one to design sNR. For this purpose,
3d transition-metals (TMs) are an excellent candidate, as
several of isoelectronic TMs such as Mn,17 Co,17,18 and
Ni17,18 have been reported to form 2þ/3þ charge transfer
levels (CTLs) in the lower half of Eg of ZnO, while Fe
17,19
and Cr17 do in the upper half. The former three tend to act as
deep electron traps and the latter as shallower deep donors in
natural n-type ZnO, and both of them can act as NRCs when
the material is excited and TMs become empty state. The
TMs are known to pin the Fermi level (EF) on their CTL to
obtain semi-insulating property, and also known to become a
constituent element of dilute magnetic semiconductors
alloyed with ZnO.20
In this letter, the results of steady-state PL and TRPL
measurements on TM-doped ZnO epilayers are shown to cor-
relate the room-temperature sPL and quenching ratio (Rq) of
the NBE emission with the TM concentration ([TM]), where
Rq is defined as the ratio of the integrated spectral intensity at
a given temperature to that at low temperature (10K) and
approximates gint. We chose Ni and Mn as TM dopants, and
homoepitaxial films were grown on a nearly TD-free HT-ZnO
substrate10 to eliminate possible interferences by TDs. The sPL
value is shown to decrease linearly by increasing [TM], indi-
cating that the TMs are the predominant NRCs. The exciton
capture-cross-section (rex) is estimated to be 2.4 1015cm2.
From the linear dependence of Rq on sPL found universally in
the epilayers containing native-NRCs15,21–23 and TMs, the
concentrations of native-NRCs ([VZnX]) in unintentionally
doped (UID) ZnO in literatures2–4,14,15,21–23 are estimated to
be “lower than” 1016–1017cm3.
Approximately 300 to 1400-nm-thick, (0001) Zn-polar
TM-doped ZnO epilayers24 were grown by the helicon-
wave-excited-plasma sputtering epitaxy (HWPSE) method25
by sputtering a 50-mm-diam. polycrystalline or (0001) Zn-
polar crystalline ZnO target on a 500-lm-thick (0001) Zn-
polar ZnO substrate. We used this method, because it can
grow nearly TD-free (<105 cm2) ZnO epitaxial films exhib-
iting atomically smooth surface morphology with 0.25-nm-
high monolayer atomic step lines,24,26 and thus any possible
interferences by TDs can be eliminated. As a matter of fact,
all the samples exhibited well-aligned monolayer atomic
step lines and TD density was less than 105 cm2.24 The pol-
ycrystalline target was grown by the chemical vapor trans-
port (CVT) technique (Eagle Picher),27 while the substrate
and the crystalline target were grown by HT technique
(Tokyo Denpa).10 The Li impurities originating from the
mineralizer used in the HT process were out-diffused from
their surfaces using high temperature annealing. The sub-
strate was pretreated following the procedure described in
Ref. 28 so that any residual colloidal silica particles can be
eliminated. The TM-doping was carried out by placing a tiny
Ni-based metal containing Mn impurity adjacent to the sub-
strate. We chose Ni and Mn as the dopants, because both of
them have been reported to form 2þ/3þ CTLs approxi-
mately 1 eV above the valence band (EV) top of ZnO,
namely, EV þ 0:6  1:2 eV for Ni2þ=3þ and EVþ 0.9 eV for
Mn2þ=3þ.17 For exciting the helicon-wave-excited-plasma, a
mixture of electronic-grade Ar and O2 gases was introduced
in a remote quartz tube, where a weak magnetic field gradi-
ent (0.01 T) was applied. The fraction of O2 gas flow rate
in the total one was varied between 0.3 and 0.4. The back-
ground and growth pressures were 2 105 and 7 102
Pa, respectively. The radio-frequency power was varied
from 200 to 320W, while the target bias was controlled
(350 V) to achieve a constant growth rate of 150 nm/h.
After growing the epilayers at high Tg between 950 and
970 C, they were gradually cooled with Rc¼10 C/min,
in order to decrease [VZnX].
14,15
The atomic concentrations of TMs (Ni, Mn, and Fe) and
residual Al, B, C, Cr, Li, and Si were quantified by second-
ary-ion-mass spectrometry (SIMS). The concentrations of B,
C, Cr, Li, and Si were lower than the detection limits, and
the PL peaks peculiar to B, Ga, and In shallow donors29,30
were not detected.24 The concentrations of Ni and Mn and
residual Fe and Al are summarized in Table I. The sample
identification (ID) numbers N1N6 are given following the
order of increasing [TM] being 3 1017 to 4 1018 cm3.
Monoenergetic PAS measurement31,32 was carried out
using the positron beam line32 to inspect the concentration of
point defects. Two characteristic parameters are usually used
to evaluate a semiconductor.14,15,31,32 One is the S parameter,
which in general reflects the concentration (or size) of posi-
tron (eþ) trapping centers. In UID-ZnO, negatively charged
vacancy-type point defects such as VZn and VZnX fall under
this category. However, because S of Mn- (or MnO2)-doped
ZnO33 and NiO-doped Al2O3
34 have been reported to be
larger than that of pure ZnO and Al2O3 matrices due to the
eþ annihilation in the vicinity of Mn in ZnO and NiO in
Al2O3, we concentrate on another parameter, the positron
diffusion length (Lþ), in this study. The Lþ can be used as a
measure of inverse third root of gross concentration of eþ
trapping centers and scattering centers in three-dimensional
space, because both centers shorten Lþ. The scattering cen-
ters are positively charged and neutral point defects such as
VO, interstitials (Zni and Oi), and certain complexes.
32 The
Lþ values obtained for the present samples were in the range
of 35–62 nm. We note that Lþ values for N1 and N2 were 53
and 62 nm, respectively, which are longer than that of the
bulk ZnO single crystal grown by the CVT method.15
Precise control of the growth stoichiometry26 keeping the
step-flow growth mode24,26 at high Tg
14,15 must be the reason
why those record-long Lþ values were obtained. These
long32 Lþ indicate that VZn concentration ([VZn]), which
directly connects to “native” [NRC], and VO concentration
([VO]) were sufficiently low to observe sPL longer than 400
ps at 300K.14,15
Steady-state PL was measured by using the 325.0 nm line
of a cw He-Cd laser (38W/cm2) and a spectrometer (f/4) with
a charge-coupled device camera. In TRPL measurement, a
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frequency-tripled beam of a mode-locked Al2O3:Ti laser
(266 nm, 120 nJ/cm2 per pulse) was used for excitation.
Temporal emission dynamics were captured using the same
type of the spectrometer but equipped with a streak-camera
with temporal resolution of 8 ps. We note that, for both meas-
urements, weak excitation conditions were maintained to
underline the nonradiative recombination processes. For
example, excited electron-hole (e–h) pair concentration for
the PL measurement is estimated to be 1:2 1015 cm3 when
the average sPL is 50 ps.
The NBE PL spectra of the representative ZnO epilayer
(N1) are shown as a function of temperature (T) in Fig. 1(a).
The low-temperature spectra were dominated by energeti-
cally narrow luminescence peaks originating from the
recombinations of A- and B-free excitons (FXA and FXB,
respectively), those bound to a neutral Al donor (IAl,A and
IAl,B), and their LO phonon replicas.
24 Detailed discussion of
the low-temperature PL spectra have been given in Ref. 24.
With increasing T, FXA peak (at around 3.3 eV at 300K)
took over the spectrum. Although the data are not shown
here, the intensity of the PL bands ranging between 2.2 and
2.4 eV was approximately 3 orders of magnitude lower than
that of the FXA peak, implying that the concentration of cor-
responding point defects (VO or Zni)
35 is lower than or com-
parable to that of the substrate.24 Figure 1(b) displays
Arrhenius plot of Rq for the whole NBE emission. Different
from the cases of UID-ZnO epilayers15,21 that do not contain
TMs, Rq started to decrease even at low temperatures, mean-
ing that photoexcited carriers, or more precisely excitons,
are trapped by NRCs immediately after they gain finite diffu-
sion coefficient. Consequently, Rq at 300K was only 0.63%
for this particular sample. The Rq value tended to decrease
with increasing [TM], as summarized in Table I.
A representative set of TRPL signals extracted from
FXA components of N1 are shown as a function of T in Fig.
2(a). The decay curves above 30K can be fitted using a sin-
gle exponential function. The sPL value did not show a re-
markable change from 10 to 300K, being 65 ps at 300K.
Because Rq started to decrease at around 20K and was as
low as 0.63% at 300K, as shown in Fig. 1(b), the observed
sPL is almost equal to sNR. This sNR (65 ps) is far shorter
than what is expected for an n-type ZnO exhibiting
Lþ¼ 53 nm, because sPL at 300K of such a ZnO of low
[VZnX] would be 1–2 ns.
14,15 This result indicates that TMs
act as predominant NRCs. Room-temperature temporal
responses of the FXA emission of all the epilayers are com-
pared in Fig. 2(b). The sPL values are seen to decrease with
increasing [TM], as summarized in Table I, and all values
are smaller than that of the representative value for a HT-
ZnO substrate being about 300 ps, as shown in the inset.
The room-temperature sPL values are plotted as a func-
tion of [TM] (Ni and Mn concentration) in Fig. 3. The sPL
TABLE I. Comparison of room-temperature values of Rq and sPL for the NBE emission of TM-doped Zn-polar ZnO epilayers.
Sample identification (ID) number
Concentration (cm3)
Rq (%) sPL (ps)Ni Mn Fe Al
N1 3 1017 N.A. 4 1016 2 1016 0.63 65
N2 5 1017 N.A. 1 1017 4 1016 0.24 25
N3 2 1017 4 1017 1 1017 2 1016 0.32 23
N4 4 1017 4 1017 1 1017 2 1016 0.14 26
N5 8 1017 7 1016 N.A. 1 1017 0.11 20
N6 2 1018 2 1018 N.A. 1 1018 0.10 18
FIG. 1. (a) Representative temperature dependency of the NBE-PL spectra
and (b) Arrhenius plot of integrated NBE-PL intensity of nearly TD-free
TM-doped ZnO epilayer (N1).
FIG. 2. (a) Examples of temporal decay signals for the FXA peak of the TM-
doped ZnO (N1) at different temperatures and (b) room-temperature signals
of all the samples. The inset shows the signal of typical HT-ZnO substrate,
of which sPL of the fast component was about 300 ps.
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value was decreased nearly linearly by increasing [TM], con-
firming that Ni and Mn act as the major NRCs, and [VZnX]
is lower than [TM]. Because all the samples showed interme-
diate to highly resistive n-type conductivity, holes are the
minority carriers. This is consistent with the facts that Al
concentration was about 1016 to 1018 and excited e–h pair
concentration was about 1:2 1015 cm3. Because excited
holes in ZnO immediately form excitons, rex of the TMs
shall be derived from sPL-[TM] relation, as follows. We
assume all Ni and Mn atoms are either in the stable Ni2þ
(Mn2þ) or unstable Ni3þ (Mn3þ) states in ZnO;17
[TM]¼ [TM2þ]þ [TM3þ]. In n-type ZnO, the majority of Ni
(Mn) ions are in the neutral Ni2þ (Mn2þ) state. During the
PL process, [Ni3þ] and [Mn3þ] change with time because of
the photoexcited electron and/or exciton trapping. Because
of low excitation conditions, [Ni3þ] and [Mn3þ] are much
lower than [Ni2þ] and [Mn2þ]. Then, sminority¼ sNR can be
simply expressed by
s1NR ¼ vexrex½TM; (3)
where vex and rex, respectively, denote the thermal velocityﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3kT=mex
p
and exciton capture-cross-section. Here, mex is a
reduced exciton effective mass. Combining Eqs. (1) and (3),
we obtain
s1PL ¼ s1R þ vexrex½TM: (4)
This equation predicts that sPL-[TM] relation shows a straight
line under low [TM3þ] excitation conditions for high [TM] re-
gime. By fitting the data in Fig. 3 using Eq. (4) with a reported
intrinsic sR value of 20 ns at 300K for the FXA peak
15 and
mex ¼ 0:242m0,36 where m0 is a free electron mass, we obtain
rex ¼ 2:4 1015 cm2. This value is close to the electron
capture-cross-section (rn) of several trap levels in ZnO
37 and
rn of Fe3þ=2þ center in GaN (1:9 1015 cm2),38 and is not
far from rn of EL2 in GaAs (4:7 1016 cm2).39 We note
that the data point of N6 deviates from the fitted line in Fig. 3.
One of likely reasons for this deviation is that the concentra-
tion ratio between Al and TM of N6 is much higher than other
samples, resulting in reduced probability of nonradiative
recombination.
In Fig. 4, room-temperature Rq of the FXA peak in TM-
doped ZnO epilayers are plotted as a function of sPL using
diamond legends. Solid line shows the ideal gint  sPL line
drawn using the relationship derived from Eqs. (1) and (2);
i.e., gint ¼ sPL=sR, assuming the intrinsic sR of 20 ns.15 For
comparison, Rq  sPL relationships reported for UID-ZnO
epilayers grown by laser-assisted molecular-beam epitaxy
(L-MBE),15 plasma-assisted molecular-beam epitaxy (PA-
MBE),21 and metalorganic chemical vapor deposition
(MOCVD)22,23 are plotted. In these epilayers,15,21–23 major
NRCs are the “native” one, VZnX.
14,15 It is obvious that the
plots of TM-doped and UID ZnO lie on the same line. As
sPL (¼sNR) of the UID-ZnO in Refs. 15 and 21–23 are one to
two orders of magnitude longer than our TM-doped ZnO,
[VZnX] in those UID-ZnO are estimated to be “lower than”
1016  1017 cm3, because rex of native-NRCs (VZnX com-
plexes) is most likely larger than that of isolated TMs on Ga
site. Evidence to support the absolute values of [VZnX] pre-
dicted in this study is that S of the best O-polar ZnO
epilayer15 has been reaching S of a ZnO with [VZn] under the
detection limit (Sfree), namely, down to 10
15 cm3.15
Consistent with our results, [VZn] in ZnO and Mn0.015Zn0.985O
crystals grown by CVT have been reported to be about
2 1016 cm3.40
In summary, room-temperature sPL of the NBE emission,
which approximates sminority, of nearly TD-free ZnO epilayers
was controlled by doping 3d TMs having the CTLs within the
bandgap. The carrier trapping dynamics due to Ni2þ=3þ and
Mn2þ=3þ in ZnO were studied using TRPL and PAS measure-
ments. From the linear dependence of sPL on [TM] for suffi-
ciently TM-doped ZnO, rex of isolated TMs was estimated to
be 2:4 1015 cm2. Because rex of native-NRCs composed
of VZnX complexes is most likely larger than this value, the
proportionality relationship between gint and sPL observed uni-
versally in UID and TM-doped ZnO and Eq. (3) lead to the
conclusion that [VZnX] in the state-of-the-art, nearly TD-free,
UID-ZnO epitaxial films grown by L-MBE, PA-MBE, and
FIG. 3. Room-temperature sPL values of the FXA peak in TM-doped ZnO
epilayers as a function of gross concentration of TMs ([TM]), namely, Ni
and Mn. Solid line shows the fitted sPL-[TM] relation using Eq. (4), where
the values of sR¼ 20 ns (Ref. 15) and mex ¼ 0:242m036 were used.
FIG. 4. Room-temperature Rq values of FXA peak in the TM-doped ZnO
epilayers as a function of sPL (diamonds). Solid line shows ideal gint  sPL
line drawn using the relation gint ¼ sPL=sR, assuming the intrinsic sR of
20 ns.15 For comparison, Rq  sPL relations reported for UID ZnO epi-
layers15,21–23 are plotted (square, circles, and triangles). The major NRCs in
those samples15,21–23 are “the native” one, VZnX.
14,15
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MOCVD are lower than 1 1016 cm3. Such low [NRC] is
most likely achieved by precise controllability of the surface
stoichiometry keeping the step-flow growth mode at high Tg.
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